UVA radiation plays an important role for adverse reactions in human tissue. UVA penetrates epidermis and dermis of skin being absorbed by various biomolecules, especially endogenous photosensitizers. This may generate deleterious singlet oxygen ( O 2 under UVA irradiation. In conclusion, fatty acids along with peroxidized products are weak endogenous photosensitizers but become strong photosensitizers under continuous UVA irradiation. Since fatty acids and their oxidized products are ubiquitous in living cells and in skin, which is frequently and long-lasting exposed to UVA radiation, this photosensitizing effect may contribute to initiation of deleterious photooxidative processes in tissue.
Introduction
Solar radiation on earth comprises UVA (B95%) and UVB (B5%) radiation. UV radiation can induce DNA damage, oxidative stress or immune-suppression. 1 UV radiation affects cellular and tissue integrity [2] [3] [4] [5] [6] [7] [8] [9] [10] and is a major cause of human skin cancer. 11, 12 Furthermore, statistical investigations in USA provide evidence that skin cancer is the most frequent diagnosed cancer in humans (40% of all cancer diseases). 13 Due to a change of lifestyle and an increased expectation of life, exposure to UVA-radiation should even have a higher impact on skin damage.
14 UVA-radiation (320-400 nm) deeply penetrates skin and can be absorbed by various endogenous molecules. In case that such an endogenous molecule represents a photosensitizer, energy or charge can be transferred via an excited triplet state to oxygen. Energy transfer may excite an oxygen molecule in its triplet ground state to its first singlet state (singlet oxygen).
Charge transfer may generate other reactive oxygen species such as radicals. All these species are frequently responsible for deleterious cellular effects, in which singlet oxygen plays a major role. [15] [16] [17] Singlet oxygen is intentionally produced in photodynamic therapy to kill cancer cells via photooxidation of cellular constituents. In the case of UVA radiation, it has already been shown that keratinocytes or living skin can generate singlet oxygen in skin without an additional exogenous photosensitizers. 18 In that case, photosensitizers are endogenous cell components like flavines, lipids or oxidized fatty acids. 19, 20 Lipids and fatty acids are ubiquitous inside skin cells and also outside cells in the epidermis. We already detected the luminescence of singlet oxygen, which was generated by different fatty acids and lipids in solution. 20 The signal intensities from these molecules are usually low and it remains questionable whether and to what extent singlet oxygen generation by fatty acids and lipids might contribute to deleterious effects of UVA on skin. A reason for the small signal was the low absorption of UVA radiation in fatty acids or lipids. However, the structure of such endogenous photosensitizers may change under UVA irradiation, which may in turn change the UV absorption and hence singlet oxygen production.
In the present investigation, we exposed different fatty acids (stearic, oleic, linoleic, linolenic and arachidonic acid), which are main constituents of cell lipids, 21, 22 to UVA radiation, the change in absorption was measured and singlet oxygen was detected by time-and spectrally resolved luminescence at regular time intervals. The irradiated samples were additionally investigated by HPLC, because UVA radiation can induce lipid peroxidation, [23] [24] [25] even in the skin of mice 26 or cause mutations and DNA damage. 27 
Results
Singlet oxygen generation in fatty acid solutions without UVA pre-irradiation Absorption at 355 nm. Laser radiation at 355 nm was used to excite the investigated molecules. All fatty acids (50 mmol L À1 )
absorb partially UV radiation in the range from 200 to 250 nm (data not shown). Stearic acid solution without double bonds and oleic acid solution with only one double bond showed fairly low absorption at 355 nm, and less than 0.5% of irradiation was absorbed at a concentration of 50 mmol L À1 for each fatty acids. For the other three fatty acid solutions the absorption ranged up to 5% (data not shown).
Singlet oxygen luminescence. The luminescence signals of the fatty acid solutions were measured time resolved at 1270 nm as well as spectrally resolved (1150-1400 nm). The signals were recorded in the range from 1150 nm to 1400 nm and all luminescence photons after the excitation laser pulse and noise (120 ms) were summed up. Thus, a clear maximum of luminescence photons between 1270 and 1280 nm was detected for all fatty acids (data not shown). For singlet oxygen the transition to the ground state in ethanol is centered at 1274 nm, this corresponds to an energy of 0.975 eV.
For stearic and oleic acid solution only a weak luminescence signal at 1270 nm was measured with a total photon number of 7700 and 11 000 photons, respectively. These values are clearly higher than the measured luminescence at 1150 and 1400 nm (4000 photons). The irradiation of fresh solutions of linoleic (29 000 photons) and arachidonic (46 000 photons) acids yielded a clear luminescence signal at 1270 nm. In spite of the act a fresh linolenic acid solution was used, a total number of 126 000 luminescence photons (about 3 times higher than the number of arachidonic acid) were detected, which might be caused by a higher content of already oxidized linolenic acid in the fresh solution.
Singlet oxygen generation in fatty acid solutions with UVA pre-irradiation. Since all fatty acid solutions showed a clear singlet oxygen signal under UVA irradiation, the generated singlet oxygen could in turn peroxide the unoxidized fatty acids and hence could change their molecular constitution. 28 Consequently, the absorption of fatty acid solutions could be changed and oxygen could be consumed. Therefore, the different fatty acid solutions were irradiated with the broadband UVA-lamp for long time irradiation. Changes in absorption spectra. The absorption spectra of the five fatty acid solutions after different irradiation times were recorded. Changes in the absorption spectra depended on the UVA irradiation time and are shown only for the excitation wavelength at 355 nm in Fig. 1 . The maximal change in absorption was detected for arachidonic acid solution upon an irradiation time of 75 minutes, whereas the absorption of arachidonic acid solution increased up to 87%. During irradiation, the oxygen concentration was kept constant by bubbling the solution with oxygen because the rate and the mechanism of such reactions depend on oxygen concentration. Due to the observed singlet oxygen generation and oxygen consumption during irradiation, the latter is discussed in a following paragraph, a change in the chemical molecule structure was supposed.
Changes in luminescence signals at 1270 nm. The luminescence signals (at 1270 nm) of the five fatty acid solutions were detected at regular time intervals during UVA irradiation. The integrated singlet oxygen luminescence changed during irradiation with UVA, in particular for linolenic (3 double bonds) and arachidonic acid (4 double bonds) solution ( Fig. 2A) . The total count of luminescence photons increased for linoleic, linolenic and arachidonic acid solutions. For longer irradiation Fig. 1 The absorption value for all tested fatty acids (50 mmol L À1 ) at 355 nm after different irradiation times with 1 W cm À2 UVA radiation (red: stearic acid; green: oleic acid; dark blue: linoleic acid; purple: linolenic acid; cyan: arachidonic acid).
times the count of luminescence photons decreased. For stearic and oleic acid solution the luminescence integral is pronounced for short irradiation times and decreases after 5 minutes of UVA-irradiation ( Fig. 2A) . ). The decay time slightly decreased but was still in the range of 14 AE 2 ms. The total number of detected luminescence photons increased by a factor of more than 12 (46 000 vs. 580 000 photons). Table 1 shows the luminescence counts of 1 O 2 photons detected at the beginning of UV irradiation for all fatty acid solutions, at the time of the maximal luminescence intensity and at the end of UV irradiation. The results show that the more double bonds the fatty acids have the more singlet oxygen luminescence is detected. The maximum values of luminescence increase from stearic acid solution (8600 counts), oleic acid solution (11 600 counts), linoleic acid solution (152 000 counts), linolenic acid solution (517 000 counts), to arachidonic acid solution (583 000 counts). Changes in the spectrally and time resolved luminescence signals. To clearly assign the detected signal at 1270 nm to singlet oxygen luminescence during the long time of UV irradiation, the luminescence signal was measured spectrally resolved in parallel to time resolution. Both results were combined to a three dimensional plot that clearly shows the increase and decrease of singlet oxygen luminescence over time. For arachidonic acid solution a clear maximum at 1270 nm after 50 minutes is noticeable (Fig. 3A) . The noise level at 1150 and 1400 nm is nearly constant over time. For oleic acid solution a clear maximum at 5 minutes UVA irradiation is identifiable, after that the luminescence decreases to a noise level after 120 minutes of irradiation (Fig. 3B) . Stearic acid solution showed a similar course of luminescence as oleic acid solution, whereas the luminescence intensity was small for all irradiation times (data not shown).
The maximum of luminescence for linoleic acid or linolenic acid solution was detected after 105 minutes or 60 minutes of irradiation, respectively, and for both, the signals decreased for irradiation times up to 120 minutes. As shown in Fig. 1 and 2A both the absorption and the luminescence increased to a maximum value at nearly the same time of broadband irradiation. This is consistent to the fact that absorption of photons is necessary to generate singlet oxygen. Based on the theory of singlet oxygen luminescence, that the total amount of luminescence clearly correlates with the concentration of singlet oxygen [
. 29 Therefore, a correlation between [ 1 O 2 ] and UVA absorption was made to prove whether the generation of singlet oxygen was caused by UVA absorption in fatty acid solutions (Fig. 4) . The slope in Fig. 4 shows, within experimental accuracy, a good correlation of the increase of [ ] also correlates with UVA absorption but shows also a deviation for long UVA exposure times, indicating that the luminescence signal decreased faster than the absorption. This leads to the suggestion that molecules in the solution appear which absorb UVA but fail to generate singlet oxygen.
Oxygen consumption. To clarify the reason for the change in absorption the oxygen concentration in the fatty acid solutions was measured during broadband irradiation without oxygen bubbling. When starting with 100% oxygen saturation in the cuvette ([O 2 ] = 1850 mmol L À1 for ethanol), oxygen concentration clearly decreased with irradiation time and the decrease was correlated to the number of double bonds (Fig. 5) . The more double bonds the faster was the oxygen decrease under UVA irradiation. The rate constants of the oxygen depletion of the five fatty acid solutions are shown in Table 2 . HPLC-MS measurement. Liquid chromatography analysis with mass spectroscopy detection was performed to confirm the observed results. The results showed that the molecular weight of fatty acids (except for stearic acid) increased by 32 Dalton that clearly indicates a binding of oxygen molecule to the fatty acids (hydroperoxides). Furthermore, dehydrated molecules could be detected (loss of H 2 O).
For example, HPLC showed that the amount of arachidonic acid decreased with irradiation time (Fig. 6, red part) . In contrast, the amount of hydroperoxides increased during the first 60 minutes and decreased afterwards (Fig. 6, blue part) . HPLC-MS measurement showed that nearly no arachidonic acid or respective hydroperoxides were present after 240 min of irradiation time, but some other oxidized products (Fig. 6, green part) .
Discussion
At first view, the absorption of radiation by fatty acids should be very low for wavelengths longer than 220 nm. 30 However, under atmospheric conditions, autooxidation of molecules can occur that cannot be avoided in the experimental setting. 31, 32 Autooxidized products of fatty acids and impurities may absorb radiation in the ultraviolet spectral range up to 400 nm. 29 The results of luminescence detection clearly showed that UVA along with oxidized fatty acids generate singlet oxygen and the concentration of produced singlet oxygen increased with increasing double bonds of fatty acids solution. 33 Skin is continuously targeted by UVA radiation, mainly due to solar radiation. In Germany, the annual terrestrial radiant exposure of UVA is about 22 000 J cm À2 which is equivalent to 60 J cm À2 daily on average. 34 A major constituent of the skin and its cells are various lipids containing the different fatty acids. In addition to living cells in the epidermis and dermis, the stratum corneum contains a mixture of ceramides and free fatty acids that forms the permeability barrier. 35 Thus, fatty acids are a target of continuous UVA of solar radiation, which penetrates the skin down to the mid of the dermis at least. Consequently, the five fatty acid solutions were exposed to continuous, broadband UVA radiation to investigate the impact of singlet oxygen generation. The results revealed an important process. The application of the continuous UVA radiation increased the absorption of fatty acid solutions including the wavelength 355 nm (Fig. 1) . This wavelength is used in the experimental setup for luminescence detection of singlet oxygen. The change in absorption was fairly small for stearic and oleic acid, but substantially increased with irradiation time for fatty acid solutions with two or more double bonds. The absorption of linolenic or arachidonic acid solution reached values of about 20% within 5 min, which is equivalent to a radiant exposure of 300 J cm À2 , the fivefold daily solar UVA radiation in Germany. 34 Along with the increase of radiation absorption, the generation of singlet oxygen also substantially increased with irradiation time for linoleic, linolenic and arachidonic acid solution (Fig. 2) . Singlet oxygen was continuously produced by UVA radiation up to 240 min (e.g. for arachidonic acid), which was confirmed by spectral resolution (Fig. 3) . At the same time, the oxygen concentration in solutions of fatty acid decreased, whereas the rate constant of oxygen consumption correlated to the number of double bonds (Fig. 5, Table 2 ). These results led to the assumption that singlet oxygen, produced by an interaction of UVA and peroxidized fatty acids, can react with other non-oxidized fatty acids.
Oxygen consumption occurred even for oleic acid solution and stearic acid solution but on a much longer time scale. This should be due to the less singlet oxygen production (oleic acid) or to the lack of double bounds (stearic acid). The consumption in stearic acid solution is most likely caused by impurities of the fatty acids (purity at about 99%).
The oxygen consumption is obviously caused by the well-known reaction of singlet oxygen with unsaturated fatty acids. 28, 30 It is known that those oxidized fatty acids are the typical products being responsible for the so-called photo-oxidative stress signal in living cells. 26, 36 Our investigations with HPLC/MS showed a clear increase With increasing irradiation time, the peak of peroxidized fatty acids in the diagram decreased. Based on this knowledge, the time course of UVA radiation in Fig. 3 should be explained as follows.
The singlet oxygen peroxidized fatty acids 37 increased, which in turn led to higher UVA absorption and so to a higher amount of singlet oxygen. The 3D-plot shows that singlet oxygen luminescence decreases over time after having reached a maximum, which represents a decrease of the generated singlet oxygen due to further oxidation reactions with hydroperoxides.
To prove a correlation of singlet oxygen production and absorption of UVA radiation in fatty acid solutions, the total counts of luminescence were plotted against the UVA absorption at 355 nm for the different times of UVA irradiation (up to 240 min). Except for stearic and oleic acid solution (low singlet oxygen production), the total count of luminescence was correlated to UVA absorption for the other fatty acid solutions. Thus, it can be assumed that the absorbing molecules (oxidized fatty acids) are responsible for the singlet oxygen luminescence. Furthermore for long exposure times, other oxidized products are generated in fatty acid solutions, which absorb UVA radiation but without being able to generate singlet oxygen (Fig. 4) . Consequently, UV radiation is still absorbed but yielding less singlet oxygen. It should be emphasized that in the case of UVA and fatty acid solutions, singlet oxygen is most likely not produced via normal photosensitizing because the typical chemical structures of photosensitizers (cyclic structures, conjugated double bonds) are lacking in fatty acids. The underlying mechanisms of singlet oxygen production in fatty acid solutions should be related to fast chemical reactions. This is confirmed by the fact that the time-resolved luminescence signals showed a rise time, which was close to the time resolution of the detection system and hence substantially shorter than for any known photosensitizer (>0.2 ms). The decay time showed values of 14 ms, which is typical for singlet oxygen in ethanol solutions. 38 Miyamoto et al. have already shown that lipid hydroperoxides (LOOH) can generate singlet oxygen and that these can decompose by heat, UV light and by the addition of transition metals. 39 Furthermore Pratt et al. have shown that unstable hydroperoxides can lead to a propagation of lipid hydroperoxides as long as unoxidized fatty acids (LH) and oxygen are available. 40 With the assumption that even in fresh solutions oxidized products of fatty acids are already present, which was confirmed by HPLC data in this study, the process actually start with a mixture of substances, even in fatty acids with a high purity. When exposed to UVA radiation, those molecules, particularly the oxidized ones, will undergo two different mechanisms. Firstly, these molecules might decompose to radicals and will react with surrounding molecules, to form new lipid radicals and lipid hydroperoxides. Both can in turn increase the overall number of lipid hydroperoxides again and again. Secondly, the generation of singlet oxygen is performed by the so-called Russell mechanism, 41 whereby two hydroperoxides link together to form a tetra-oxide. Consequently, ketones or aldehydes and singlet oxygen can be produced by cleavage of such tetra-oxides (Fig. 7) . That description of singlet oxygen in those solutions under UVA exposure is not necessarily complete and may comprise other radical mechanisms.
Experimental

Preparation of solutions
The following substances were always freshly used in each single experiments and always dissolved in ethanol. All substances were purchased from Sigma-Aldrich (Steinheim, Germany) with a purity of about 99%. Concentrations of stearic 
Transmission spectra
Transmission spectra from 200-400 nm of each probe were recorded at room temperature with a Beckman DU640 spectrophotometer (Beckman Instruments GmbH, Munich, Germany) using a quartz cuvette with an optical path of 1 cm (QS-101, Hellma Optik, Jena, Germany). The absorption values are calculated to be A = 100%ÀT, where T is the transmission value.
Oxygen concentration in solution
The oxygen concentration in solution was measured in the cuvette using a needle sensor that was placed in the cuvette (MICROX TX, PreSens GmbH, Regensburg, Germany). Thereby the cuvette was completely filled, hermetically closed and magnetically stirred during irradiation. The oxygen sensor continuously measured the oxygen concentration during irradiation.
Luminescence experiments
Fatty acids were transferred into a quartz cuvette (QS-101, Hellma Optik, Jena, Germany). They were excited using a frequency-tripled Nd:YAG laser (PhotonEnergy, Ottensoos, Germany) with a repetition rate of 2.0 kHz (wavelength 355 nm, pulse duration 70 ns). The laser pulse energy for luminescence experiments was 50 mJ. At regular time intervals, the singlet oxygen luminescence at 1270 nm was detected with using an IR-sensitive photomultiplier (R5509-42, Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany) with a rise time of about 3 ns. Additional details of the setup were described elsewhere. 42 The number of laser pulses for excitation was 60 000. The luminescence signal was detected at wavelengths of 1150, 1200, 1250, 1260, 1270 (emission maximum of singlet oxygen), 1280, 1300, 1350, 1400 nm using appropriate interference filters in front of the photomultiplier. All luminescence experiments are done in oxygen saturated solutions guaranteed by constant oxygen bubbling.
Determination of singlet oxygen luminescence decay and rise time
As shown in ref. 43 the luminescence intensity is given by
The constant C was used to fit the luminescence signal. t D and t R are the decay and rise times, respectively. To determine the rise and decay times of singlet oxygen luminescence, we used the least square fit routine of Mathematica 5.2 (Wolfram Research, Berlin, Germany). The experimental error of the fit was estimated to be between 15 and 25% of the values that were determined by the fit. The low signal level in some samples yielded a higher error of 25%. The integral of eqn (1) from t = 0 -N yields the luminescence energy. To compare the luminescence energy of the different probes, the photomultiplier detected photons were added up from 100 ns after the laser pulse to the end of the luminescence signal.
UVA irradiation
Continuous, broadband UVA irradiation (320-400 nm) was performed using a high pressure mercury lamp (OmniCure Series 2000, IGB-Tech GmbH, Friedelsheim, Germany) at an intensity of 1 W cm À2 . During irradiation the solutions were magnetically stirred and saturated with oxygen. The fatty acids were irradiated maximum for 240 min, which is corresponding to a dose of 14.4 kJ cm À2 .
Liquid chromatography analysis and mass spectroscopy (HPLC-MS)
The irradiated fatty acid samples were filtered using a PTFE filter (Chromafil, O-20/15, organic, pore size 0.2 nm, MacheryNagel, Düren, Germany). A 100 mL sample was analyzed using a 1100 HPLC (Agilent Technologies, Waldbronn, Germany) fitted with a C18 analytical column (Phenomenex Luna, particle size 3 mm, 150 Â 2.00 mm, Aschaffenburg, Germany) and a diode array detector (DAD). The data-files were analysed using a HPLC-3D-ChemStation Rev. B.03.01. 
Conclusion
We showed that fatty acids (with isolated double bonds) can generate singlet oxygen, although these molecules are not normal photosensitizers with conjugated double bonds or cyclic structures that offer a defined triplet T 1 state. When pre-irradiated with UVA, the absorption of ultraviolet radiation substantially increased and in turn the production of singlet oxygen also increased. This vicious cycle rapidly consumes oxygen in solution leading to the production of peroxidized fatty acids. These results in solutions can also occur inside cells, which are frequently exposed to ultraviolet irradiation as for the skin and the eye. Fatty acids are ubiquitously present in human cells but also exhibit the so-called ''acid-mantle of the stratum corneum'' that is important for both permeability barrier formation and cutaneous antimicrobial defense. 44, 45 Consequently, the generation of singlet oxygen may affect cellular and skin integrity leading to the frequently reported disturbance of the skin barrier, skin ageing and even skin malignancies. The photosensitized generation of singlet oxygen by endogenous photosensitizers such as flavins and its role for those adverse reactions are well documented. 19 In this study it could be shown that under UVA irradiation the amount of generated singlet oxygen depends on the number of double bonds of fatty acids and the amount of respective hydroperoxides. The extent of contribution to those adverse effects of singlet oxygen generation upon UVA exposure, in particular in the so-called ''acid-mantle of the skin'', is worth to be investigated in the near future.
